We investigated the effects of the Ni : Cu ratio and metal loading of a CeO2-supported bimetallic Ni _ Cu catalyst on its reduction behavior and catalytic performance during steam reforming of ethanol for H2 production. Compared with monometallic Ni and Cu catalysts, both the NiO and CuO phases in the bimetallic catalysts were reduced at lower temperatures to form fine NiCu alloy crystallites. At a reaction temperature of 673 K, Ni/CeO2 exhibited a higher H2 yield than Cu/CeO2 but also produced a large quantity of CH4 and carbon deposits. The undesired byproducts were substantially inhibited by replacing a portion of the Ni with Cu. The highest H2 yield and an excellent carbon inhibition were achieved when the content of each metal was 5 wt%. Notably, a physical mixture of Ni/CeO2 and Cu/CeO2, each with the same metal contents, exhibited a lower H2 yield and heavy carbon deposition. This indicates that the higher reducibility and alloying in the bimetallic catalyst are key factors for synergistic improvements of the catalytic properties.
Introduction
Large quantities of fossil fuels such as petroleum and n a t u r a l g a s a r e c o n s u m e d i n t h e w o r l d t o d a y. However, resource depletion and the negative impact of fossil fuel use on the environment are major issues. Recently, biomass ethanol has attracted attention as a promising form of renewable energy, mainly produced from biomass fermentation 1) 4) . Because the carbon dioxide emitted during consumption of biomass ethanol is absorbed from the atmosphere by the plants used to produce it, consumption of biomass ethanol does not contribute to global warming and therefore is widely accepted as an environmentally-friendly energy source.
The transformation of ethanol to hydrogen is required for fuel cell applications. Steam reforming of ethanol (SRE), which is characterized by the reaction C H OH H O CO H . However, the reaction pathway for SRE is very complicated and accompanied by many side reactions 3), 4) . Thus the choice of catalyst is very important for controlling the reaction and obtaining a high hydrogen yield. Noble metals such as Ru, Rh, Pd, and Pt are well known for their high catalytic activities 5) 8) . Ni and Co are non-noble metal catalysts that are under extensive investigation because of their high activities and low costs 9) 16) . Bimetallic effects have also been investigated to improve the catalytic performance of monometallic catalysts 17) 28) . The combination of Ni and Cu into a bimetallic catalyst for SRE has been extensively studied 17) 21) . Chen et al. 17) reported that addition of Ni to Cu catalysts improved C _ C bond rupture in ethanol, and a Cu _ Ni/SiO2 catalyst with Cu/Ni 1 had the best ethanol conversion activity. Zhang et al. 18) investigated the effect of Cu addition to a 30 wt% Ni/Al2O3 _ SiO2 catalyst and found that the highest H2 selectivity was achieved when the Cu content was 5 wt%. Wang et al. 19) revealed that heavy coke deposition was inhibited on a Ni _ Cu catalyst, which exhibited stable performance without apparent deactivation. Vizcaíno et al. 20) also demonstrated that the Ni in a Ni _ Cu/SiO2 catalyst was mainly responsible for hydrogen production, whereas the Cu reduced CO formation and coke deposition. Based on these results, we suggest that the major advantages of Ni _ Cu catalysts for SRE are enhancement of the catalytic activity and inhibition of coke deposition.
We previously investigated the effect of the metal oxide support on SRE over Ni catalysts and revealed that the use of CeO2 as a support both promoted the reduction of Ni ions to form catalytically-active metal sites and inhibited carbon deposition during the reaction 29) . We also demonstrated that the addition of relatively inactive Cu to Ni/CeO2 and Co/CeO2, each at metal loadings of 5 wt%, resulted in enhancement of the H2 yield and resistance to carbon deposition at 673 K 30) . In this study, we report the effects of the Ni : Cu ratio and metal loading on the reduction behavior of bimetallic Ni _ Cu catalysts supported using pure CeO2 and their catalytic performance for SRE.
Experimental

1. Catalyst Preparation
The CeO2 support employed in this study was synthesized using a precipitation method in which a mixed solution of Ce(NO3)3 6H2O and urea (Kishida Chemical Co., Ltd.) was stirred at 363 K 29) . The obtained precipitate was filtered, washed with water, dried at 383 K for 12 h, and then calcined at 773 K for 5 h. The BET surface area of the resultant CeO2 powder was 110 m 2 g -1 . Loading of the support with Ni and Cu was performed via an impregnation method using a mixed solution of Ni(NO3)2 6H2O and Cu(NO3)2 3H2O (Kishida Chemical Co., Ltd.). After evaporation to dryness, each catalyst was dried at 383 K for 12 h and then calcined at 773 K for 3 h. The bimetallic catalysts are denoted as NimCun, where m and n represent the Ni and Cu content in wt%, respectively. For comparison, 10 wt% Ni/CeO2 (Ni10) and Cu/CeO2 (Cu10) were also prepared in the same manner. In addition, a physically-mixed catalyst, denoted here as Ni5 Cu5, was prepared by mixing the equivalent weights of Ni10 and Cu10 in a mortar.
Characterization
The crystalline structures of the catalysts were analyzed via X-ray diffraction (XRD) using a Rigaku Ultima IV diffractometer with Ni-filtered Cu Ka radiation generated at an accelerating voltage of 40 kV and a tube current of 40 mA. For the reduced catalysts, a liquid paraffin coating was used to prevent sample reoxidation. In order to reveal the structural changes in Ni5Cu5, Ni10, and Cu10 during reduction, X-ray absorption near edge structure (XANES) spectra at the Ni and Cu K-edges were determined at the BL5S1 beamline of the Aichi Synchrotron Radiation Center, Aichi Science & Technology Foundation, Aichi, Japan. The as-prepared catalysts were mixed with powdered boron nitride, pressed into a disk, and then placed in an in-situ XAFS cell with Kapton windows. The XANES scan was repeated with increasing temperature in a 4 % H2/ Ar flow.
Temperature-programmed reduction (TPR) curves were recorded using an apparatus consisting of a flow controller, a reaction tube, an electric furnace, and a thermal conductivity detector (Shimadzu Corp., GC-8A). Each sample was heated at a rate of 10 K min -1 in a flow of 10 % H2/Ar. Carbon deposited on the catalyst during the reaction was examined using thermogravimetry (TG, Rigaku Corp., TG8120 Thermo Plus Evo) in air at a heating rate of 10 K min -1 .
3. Activity Test
Catalytic activity was evaluated for two types of reactions: temperature-programmed SRE (TP-SRE) at 473-873 K with a stepwise heating rate of 50 K per 30 min and isothermal SRE at 673 K and 873 K. For each reaction, the unreduced catalyst (0.2 g) was loaded into a tubular quartz reactor (ID 8 mm). A mixed solution of H2O/C2H5OH with a molar ratio of 3 : 1 was fed into the reactor at 30 µL min -1 , vaporized at the top of the reactor, and then sent to the catalyst bed using a nitrogen flow of 30 mL min -1 . The gaseous products were passed through an ice-chilled trap to remove any liquids and then analyzed using two gas chromatographs (GCs) with thermal conductivity detectors (Shimadzu Corp., GC-8A). For H2 detection, the chromatograph was equipped with a column packed with 13X molecular sieves and nitrogen was used as the carrier gas. For detection of C1 gases (CO, CO2, and CH4), the other chromatograph was equipped with a column packed with active carbon and helium was used as the carrier gas. The product yields, Y(H2) and Y(C1), were calculated according to the ideal SRE equation (Eq. (1)) as follows:
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where F(C2H5OH) represents the feed rate of C2H5OH in mol min -1 and F(H2) and F(C1) respectively represent the quantities of H2 and C1 gases produced in mol min -1 . Quantitative determination of the very small quantities of ethanol and liquid products isolated in the trap was difficult because of the poor sensitivity of the GC, and therefore in the present study, the catalytic performance was evaluated based on the Y(H2) and Y(C1) values. Figure 1 shows the XRD patterns for Ni10, Cu10, Ni5Cu5, and Ni10Cu10 before and after reduction at 473-873 K with hydrogen for 1 h. Before reduction, Ni10 and Cu10 exhibited XRD peaks due to NiO and CuO, respectively. As is evident in Figs. 1(C) (a) and 1(D) (a), both of these oxides were detected for the prepared Ni5Cu5 and Ni10Cu10 catalysts. The other bimetallic Ni _ Cu catalysts also exhibited peaks in response to both oxides, the intensities of which depended on the Ni : Cu ratio and the metal loading.
Results and Discussion
1. Reduction Property and Crystalline Structure
The CuO crystallites in Cu10 were reduced to the metal at 473 K, whereas the reduction of Ni10 required temperatures of greater than or equal to 573 K. . Raising the reduction temperature to 573 K resulted in a drastic decrease in the intensity of the peak due to the Ni-rich alloys in the XRD pattern for Ni5Cu5 ( Fig. 1(C) (c) ), but a very broad peak reemerged at 43.8-44.9º after reduction at 873 K ( Fig. 1(C) (f) ). This indicates that the Ni-rich alloy particles were dispersed at 573 K but reaggregated to form fine NiCu alloy particles with a wide variety of Ni/Cu ratios at 873 K.
Conversely, at a reduction temperature of 573 K, the XRD peak due to the Ni-rich alloys in the XRD pattern for Ni10Cu10 (Fig. 1(D) (c) ) did not decrease but rather increased in intensity. The two peaks due to Cu-and Ni-rich alloys approached each other and increased in intensity with increasing temperature, indicating that homogenization and aggregation of NiCu alloys were promoted. Their final diffraction angles of 43.60º and 44.26º after reduction at 873 K correspond to the lattice constants of 0.3595 nm and 0.3544 nm, which are nearly identical to the values for bulk NiCu alloys with Ni contents of approximately 17 mol% and 74 mol%, respectively 31) . Similar alloying was also observed for Ni7.5Cu7.5.
The TPR profiles of the CeO2-supported Ni, Cu, and Ni _ Cu catalysts are shown in Fig. 2 . Ni10 underwent the stepwise reduction of NiO to the metal at 510 K and 572 K, which were approximately 100 K lower than the reduction temperatures for unsupported NiO 29) , indicating a promoting effect of the CeO2 on Ni reduction. The broad peak with a maximum at approximately 1040 K is attributed to the reduction of bulk CeO2 28) . The TPR profile of Cu10 was characterized by two partially overlapping peaks with small widths and high intensities at approximately 455 K and 475 K. The reduction temperatures for Ni10 and Cu10 were consistent with the XRD results. All of the bimetallic Ni _ Cu catalysts exhibited two major peaks with maxima in the temperature range 440-467 K, which were assigned to the reduction of Cu ions because, similarly to the Cu10 peaks, these peaks had relatively small widths and high intensities. However, the peak maxima were located at lower temperatures than those for Cu10, indicating an improvement in the Cu reducibility. This phenomenon was even observed in the case of Ni5 Cu5, in which the NiO and CuO were only in loose contact with each other.
After the Cu reduction, Ni8Cu2 exhibited a broad peak at 604 K that was attributed to the reduction of NiO phases. This peak was separated into two weak humps at approximately 600 K and 675 K for Ni5Cu5. These reduction peaks are located at higher temperatures than those for Ni10. This may suggest that the Cu addition hindered the close contact of NiO with CeO2, which decreased the reduction temperature of NiO 29) . In addition, Ni5Cu5 provided a weak shoulder peak at 495 K. This peak was assigned to the reduction of NiO crystallites, because the XRD pattern in Fig. 1(C) (b) clearly indicated that NiO was reduced to form alloys with Cu at 473 K. This result suggests a substantial decrease in the Ni reduction temperature due to the presence of Cu. For Ni7.5Cu7.5, which had the same Ni : Cu ratio, the Ni reduction steps were more clearly observed at 490 K and 607 K. The Ni species in Ni10Cu10 provided a broad TPR peak with a maximum at 553 K. Although a Ni reduction peak was not clearly observed at less than 500 K, the XRD results indicated that most of the NiO crystallites were reduced at 473 K ( Fig. 1(D) (b) ), leading to the conclusion that the reduction of most Ni ions was likely to be buried within the intense Cu reduction peaks.
In order to further clarify the reduction properties of the bimetallic Ni _ Cu catalyst, XANES spectra of Ni5Cu5 were measured at Ni and Cu K-edges with increasing temperature in a flow of 4 % H2/Ar. The spectra for Ni10 and Cu10 were also measured for comparison. All of the as-prepared catalysts exhibited intense white lines characteristic of the metal oxides, and the Ni and Cu K-edge XANES spectra were identical to those for NiO and CuO, respectively. As the temperature was raised, the white line intensities decreased, and the ultimate XAFS spectra were identical to those for fcc Ni and Cu metals. The normalized intensities of the white lines are plotted as a function of temperature in Fig. 3 . The white lines for Ni10 and Cu10 began to decrease in intensity at approximately 560 K and 450 K, respectively. These temperatures are in good agreement with the reduction temperatures observed in Fig. 2 . For Ni5Cu5, the white line at the Cu K edge decreased in intensity in the temperature range 430-500 K, and then the intensity at the Ni K edge immediately decreased. This behavior corresponds closely to that of the TPR profile ( Fig. 2 (c) ), confirming the validity of the TPR assignments. As is evident from the figure, the combination of Ni and Cu resulted in a decrease in the reduction temperatures for the NiO and CuO crystallites by 50-100 K and 20-50 K, respectively.
In conclusion, the TPR, XRD, and XANES analyses clearly revealed that the combination of Ni and Cu resulted in decreases in the reduction temperatures for both metals and the formation of Ni-rich and Cu-rich alloy crystallites. The positive bimetallic effect on the reducibility of the metals may be due to a decrease in their crystallite sizes 32) . In addition, the lower-temperature shift of the TPR peak due to CuO in the physicallymixed Ni5 Cu5 (Fig. 2 (h) ) clearly indicates that synergistic interactions between the Ni and Cu species also contribute to the improvement in the Cu reducibility. The considerable decrease in the reduction temperature for the less-reducible Ni may be attributed to the catalytic effect of the earlier reduced Cu crystallites.
2. C a t a l y t i c P e r f o r m a n c e f o r S R E a n d
Characterization of the Catalysts after SRE The yields of H2, CO2, CO, and CH4 for TP-SRE over the CeO2-supported Ni, Cu, and Ni _ Cu catalysts are shown in Fig. 4 . The Cu-containing catalysts began to produce H2 even at 523 K. Ni10 required a higher temperature for H2 production but exhibited a higher H2 yield than Cu10 at reaction temperatures ≥ 673 K. In addition, Ni10 was characterized by the generation of a large quantity of CH4 and a related decrease in the H2 yield at 723-823 K. Replacement of 20 % of the Ni with Cu (Ni8Cu2) reduced CH4 production at 723 K and 773 K. At a replacement ratio of 50 % (Ni5Cu5), CH4 generation was substantially inhibited, and the H2 and CO2 yields reached maximum values at 823 K. However, a further increase in the Cu/Ni ratio resulted in a decrease in the H2 yield because of the lower activity of Cu. In addition, despite having the same Ni : Cu ratio as Ni5Cu5, Ni7.5Cu7.5 and Ni10Cu10 showed no inhibitory effect on CH4 formation. It is noteworthy that Ni5 Cu5 produced a larger amount of H2 than Ni10 and Cu10 at ≥ 673 K, indicating a synergistic effect of Ni and Cu. However, the effect was less pronounced with respect to decreasing CH4 generation and increasing the H2 yield than it was for Ni5Cu5. Figure 5 shows the product yields 9 h after initiation of SRE at constant temperatures of 673 K and 873 K. At 673 K, Ni10 exhibited a higher H2 yield than Cu10 and produced a large amount of CH4. This behavior is consistent with the TP-SRE results. It is also evident from the figure that the partial replacement of Ni with Cu reduced CH4 production. The highest yields for H2 and CO2 were achieved when the content of each metal was 5 wt% (Ni5Cu5). In addition, while the H2 and CO2 yields for the physically-mixed Ni5 Cu5 were higher than those for Ni10 and Cu10, they were lower than those for Ni5Cu5, despite having the same metal contents. This result suggests that the catalytic performance was highly dependent on the crystallographic structure. In addition, although similar to Ni5Cu5, NiCu alloys were formed by reduction in Ni7.5Cu7.5 and Ni10Cu10, these two catalysts exhibited much lower yields of H2 and C1-gases, implying that metal dispersion may have also had an influence on the catalytic properties.
At a reaction temperature of 873 K, Cu10 was deactivated by carbon deposition 29) , while the H2 and C1-gas yields for the Ni-containing catalysts increased. However, the bimetallic catalysts with a Ni/Cu ratio of ≥ 1 produced a larger amount of CH4 compared with Ni10; therefore, the inhibitory effect of combining Ni and Cu on CH4 formation is degraded at 873 K.
The XRD patterns of the catalysts after SRE at 673 K and 873 K for 9 h are illustrated in Fig. 6 . Cu10 was completely reduced to metal at 673 K (Fig. 6A (e) ). Conversely, in addition to a weak hump due to metallic Ni at around 44.5º, NiO crystallites were detected for Ni10 after SRE at 673 K (Fig. 6A (a) ). A comparison with Fig. 1(A) (d) leads to the conclusion that the Ni species were less reducible under the reaction conditions. Unreduced NiO was also detected for Ni8Cu2 and Ni5 Cu5 (Figs. 6A (b) and 6A (h), respectively) . In contrast, Ni5Cu5 (Fig. 6A (c) ) yielded no XRD peak due to NiO and a weak peak at a slightly higher angle than the diffraction angle for the 111 reflection from the metallic Cu in Cu10. In addition, this peak was asymmetric and slightly broadened to the high-angle side, indicating the formation of Cu-rich NiCu alloys. The higher reducibility of Ni5Cu5 probably contributes to the higher catalytic activity. After SRE at 873 K, Ni8Cu2, Ni5Cu5, and Ni2Cu8 (Figs. 6B (b) , 6B (c), and 6B (d), respectively) yielded obvious XRD peaks due to NiCu alloys, which were shifted to lower angles as the percentage of Cu increased. In particular, the peak for Ni5Cu5 was extremely broad, indicating that Ni5Cu5 consisted of very small alloy crystallites with a wide variety of Ni/Cu ratios. Ni7.5Cu7.5 and Ni10Cu10 (Figs. 6B (f) and 6B (g), respectively) exhibited two broad XRD peaks due to Ni-and Cu-rich alloys. In addition to the very small humps likely due to metallic Ni crystallites, the XRD pattern for Ni5 Cu5 (Fig. 6B (h) ) included an asymmetric peak at a slightly higher angle than the diffraction angle due to the Cu(111) lattice plane. This result indicates that a small portion of the Ni atoms invaded the metallic Cu phases to form Cu-rich alloys. Figure 7 shows the TG profiles of the catalysts employed for SRE at 673 K and 873 K for 9 h. The total quantities of the carbon deposits estimated from the weight losses are summarized in Table 1 . The weight losses due to carbon combustion were classified into two groups: a small weight loss at 490-530 K and a relatively large weight loss at ≥ 600 K. As described previously 29) , 30) , the former is related to carbon deposits chiefly on Cu, and the latter is attributed to fibrous carbon deposits on Ni. At a reaction temperature of 673 K, Ni10 produced a relatively large quantity of carbon, which was reduced by more than half by replacing only 2 wt% of the Ni with Cu (Ni8Cu2). It is worth noting that, although Ni5Cu5 exhibited a high level of catalytic activity equivalent to that of Ni10, the amount of carbon deposits was less than one fifth of that for Ni10. In contrast, Ni5 Cu5 produced heavy carbon deposits, despite having the same composition as Ni5Cu5. These results clearly indicate the excellent inhibitory effect of NiCu alloys on carbon deposition.
By raising the reaction temperature to 873 K, the amounts of carbons deposited on Ni5Cu5 and Ni8Cu2 remarkably increased and were much larger than that on Ni10, indicating the degradation of the inhibitory effects of the Ni _ Cu alloys on carbon deposition. As a result, we conclude that the combination of Ni and Cu is very effective for improving catalytic performances for SRE. The higher H2 and CO2 yields for Ni5 Cu5 relative to Ni10 and Cu10 suggest the synergistic effect of Ni and Cu in SRE. It is widely accepted that Ni has a high ability to cleave the C _ C bond in ethanol 2),3), 17) . Mariño et al. 33) reported that Cu catalyzed ethanol dehydrogenation to acetaldehyde, the C _ C bond in which was then broken by Ni to afford CH4 and CO. Another possible synergistic enhancement involves cleavage of the C _ C bond in ethanol by Ni, followed by conversion of the resultant fragments . In addition, the fact that Ni5Cu5 exhibited a higher catalytic activity and higher resistance to carbon deposition than the physically-mixed Ni5 Cu5 with the same composition indicates that alloying is a key factor for the synergistic enhancements. Miranda et al. 36) reported that deep hydrogenolysis of glycerol to CH4 was inhibited by the addition of Cu to a Ni/γ-Al2O3 catalyst. Via IR spectroscopic analysis, they also found that adsorption of bridge-bonded CO on metallic Ni progressively decreased by the incorporation of Cu, which led them to conclude that CH4 formation requires an ensemble of adjacent active Ni atoms. Since CH4 generated during SRE not only reduces H2 production but also promotes carbon deposition via its decomposition 3) , a decrease in the adjacent array of Ni atoms by alloying with Cu is presumed to be useful for the inhibition of CH4 formation and subsequent carbon deposition, and thereby is useful in the enhancement of H2 production.
This ensemble effect was, however, degraded at 873 K: Ni5Cu5 and Ni8Cu2 produced lager amounts of CH4 and carbon deposits than Ni10. The reasons for this remain uncertain but the effect may be attributed to a constant change in the surface arrays via thermal vibration and diffusion of the metal atoms at high temperatures.
Conclusion
We investigated the effects of the composition of CeO2-supported Ni _ Cu catalysts on the reduction behavior and catalytic performance for SRE. TPR, XRD, and XANES clearly revealed that the combination of Ni and Cu resulted in a decrease in the reduction temperatures of not only the less-reducible Ni but also the more-reducible Cu; the NiO and CuO crystallites in the as-prepared Ni5Cu5 catalyst were respectively reduced at 50-100 K and 20-50 K below those in Ni10 and Cu10. It was also found that fine Ni-rich and Cu-rich alloy phases were formed in the bimetallic catalysts.
Cu10 had a relatively high ability for H2 production during SRE at ≤ 573 K, but this performance was attenuated by raising the temperature. Ni10 exhibited a higher catalytic activity at 673 K but also generated a large quantity of CH4, which partly contributed to carbon deposition via its decomposition. Replacing only 2 wt% Ni with Cu led to major inhibitory effects on CH4 formation and carbon deposition. Ni5Cu5 showed the highest H2 and CO2 yields and excellent carbon inhibition at 673 K. However, these effects were degraded for Ni7.5Cu7.5 and Ni10Cu10, which had the same Ni : Cu ratio, implying that the catalytic properties were also dependent on the metal dispersion. The physically mixed Ni5 Cu5 catalyst also exhibited a synergistic enhancement in H2 production, but it was less effective than Ni5Cu5 and a larger quantity of carbon deposits was generated. We therefore conclude that the excellent catalytic performances of Ni5Cu5 are attributable to the high reducibilities and alloying of Ni and Cu.
